Abstract In the present study, a method for easy and rapid synthesis of lipase nanohybrids was evaluated using cobalt chloride as an encapsulating agent. The synthesized nanohybrids exhibited higher activity (181%) compared to free lipase and improved catalytic properties at higher temperature and in harsh conditions. The nanohybrids retained 84% of their residual activity at 25°C after 10 days. In addition, these nanohybrids also exhibited high storage stability and reusability. Collectively, the synthesis of carrier-free immobilized biocatalysts was performed rapidly within 24 h at 4°C. Their high reusability and catalytic activities highlight the broad applicability of this method for catalysis in organic and aqueous media.
synthesis of nanohybrid-like structures of various enzymes. However, a very few studies have reported on the synthesis of protein inorganic nanohybrids using cobalt (Co) as the precipitating agent. Lipase is an industrially potent enzyme with wide range of applications [4] . To date, inorganicprotein nanohybrid structures of lipase have been primarily synthesized using calcium [5] , zinc [6] and copper [7] . Nanohybrids-like structures of bovine serum albumin were synthesized using cobalt by Kim et al. [8] . Also, nanohybrids of alcohol dehydrogenase have been formed by using mineralized Co and copper as encapsulating agents [9] . This study indicated that Co protein nanohybrids showed higher activities compared to copper nanohybrids. The decreased activity in copper nanohybrids is due to nonspecific interactions between the soluble metal ions (Cu 2? ) and the protein domains or the active site whereas Co tends to interact with only histidine tags. Cobalt has been reported to enhance the activity of lipase in the low millimolar range. During the synthesis of protein inorganic nanoflowers, protein components interact with the primary metals to initiate nucleation, which is followed by aggregation and anisotropic growth of platelets-like structures that assemble into round oval flower-like shapes. The lipase immobilization as Lip-Co 3 (PO 4 ) 2 nanohybrids were synthesized by the precipitation method using a protocol described by Li et al. [10] with minor modifications. CoCl 2 (2 mM) has been incubated for 24 h with the different concentrations of protein (0.2-0.5 mg/mL) at 4°C in 4 mL of phosphate buffer saline (PBS). The precipitated proteins were separated by centrifugation at 10,0009g for 5 min. The synthesized nanohybrids were lyophilized and stored at 4°C until use in experiments. The relative activities (RAs) and encapsulation yields (EYs) were calculated as follows: RA (%) = 100 9 total activity of the nanohybrids/total activity of the free enzyme; EY (%) = 100 9 protein concentration of nanohybrids/ initial protein concentration (mg/mL) [11] . The immobilized enzymes were characterized by scanning electron microscopy (SEM), confocal microscopy, and energy dispersive x-ray spectroscopy (EDX). The biochemical characterizations of free enzyme and the synthesized nanohybrids were performed to compare their properties. Interestingly, the synthesized nanohybrids exhibited 181% higher activity in comparison to the free enzyme. Lipase immobilization onto various nanoparticles and matrices to improve catalytic performance has been studied [12] [13] [14] . Lip-Co 3 (PO 4 ) 2 nanohybrids showed excellent operational stability, indicating their potential applications in industry. The concentration of Co was varied from 0.5 to 3.0 mM, and their maximum EY and RA were recorded using a concentration of 2.0 mM (Fig. 1) . In a recent study, the synthesis of lipase nanohybrids using CuSO 4 (2 mM) was reported after 3 days of incubation [15] . The concentration of protein is a crucial parameter during nucleation. Thus, the protein concentration was varied from 0.1 to 0.5 mg/mL in the reaction mixture. The EY of nanohybrids was highest using 0.2 mg/mL of protein and RA was increased to 181%. The physicochemical properties of the Lip-Co 3 (PO 4 ) 2 nanohybrids were changed. The nanohybrids showed highest activity at 60°C, while the optimum temperature for free enzyme was 55°C. On the other hand, the optimum pH for both the free and nanohybrid-immobilized lipase was recorded to be 9.0.
The morphologies of Lip-Co 3 (PO 4 ) 2 nanohybrids synthesized with 0.2 mg/mL lipase was confirmed by SEM analysis (Fig. 2) . The SEM imaging of nanohybrids synthesized using CoCl 2 and lipase protein showed a diameter of 6-8 lm. DLS spectra indicated the average particle size was 8 lm. The encapsulation of lipase inside the nanohybrids was confirmed by the presence of FITC-labelled lipase. Lipase labeling was performed using the method described by Patel et al. [16] . Elemental analyses of nanohybrids confirmed the presence of Co and oxygen content, which indicates metal-embedded protein. The hydrolytic activities of the free and lipase nanohybrids were determined using p-nitrophenyl palmitate (p-NPP) as b Fig. 1 (Fig. 3) . The free enzyme showed 39% of their residual activity after 300 min of incubation at 70°C, whereas the synthesized nanohybrids retained 83% of their original activity after 300 min. Thus, the temperature stability of the synthesized nanohybrids was increased by 2.2-fold, which indicated the suitability of this method for performing biocatalytic reactions at higher temperatures. The storage stabilities of free and lipase nanohybrids were tested by incubating them in tris buffer (50 mM pH 9.0) at room temperature for 10 days, and residual activities were measured daily. The storage stabilities of the lipase nanohybrids were analyzed over a period of 10 days at room temperature. Lipase nanohybrids retained high residual activities of 84.0% after 10 days of incubation. However, free lipase showed a 75% decrease compared to its original activity after 10 days of incubation. The high storage stabilities of the lipase as Lip-Co 3 (PO 4 ) 2 nanohybrid complexes were improved compared with previous reports. In a recent study, Zn 3 (PO 4 ) 2 nanoflowers of lipase had shown 74% residual activity after 20 days of incubation [6] . The lipase nanohybrids were also reused to measure hydrolysis of p-NPP under standard assay conditions. Interestingly, Lip-Co 3 (PO 4 ) 2 nanohybrid complexes retained 74.6% of their residual activities after 12 cycles. Consequently, the reusability Lip-Co 3 (PO 4 ) 2 nanohybrids was much improved compared to lactoperoxidase nanohybrids, which showed only 15% activity after 6 cycles [17] .
In summary, we report that lipase was embedded in nanohybrids containing 2 mM CoCl 2 in PBS (pH 7.4) at 4°C. The method appears to be very effective for improving the catalytic properties and stabilities of industrially important enzymes. The use of Co embedded inorganic nanohybrids can be extended to other industrially important enzyme, such as laccase, cellulase, and horseradish peroxidase. Additionally, the reusability of these nanohybrids is also higher as compared to other nanohybrids in the previous reports. Thus, Co-embedded nanohybrids of one or multiple enzymes may have strong industrial potential in near future. In stability experiments, the activity of free and immobilized enzymes before incubation was considered as 100%. The decrease in activity was recorded after each interval of time under standard assay conditions
